Increasing evidence suggests that intracellular H + directly stimulates large-conductance Ca 2+ -and voltage-activated K + (SLO1 BK) channels, thus providing a crucial link between membrane excitability and cell metabolism. Here we report that two histidine residues, His365 and His394, located in the intracellular regulator of conductance for K + (RCK) 1 domain, serve as the H + sensors of the SLO1 BK channel. Activation of the channel by H + requires electrostatic interactions between the histidine residues and a nearby negatively charged residue involved in the channel's high-affinity Ca 2+ sensitivity. Reciprocally, His365 and His394 also participate in the Ca 2+ -dependent activation of the channel, functioning as Ca 2+ mimetics once they are protonated. Therefore, a common motif in the RCK1 domain mediates the stimulatory effects of both H + and Ca 2+ , and provides a basis for the bidirectional coupling of cell metabolism and membrane electrical excitability.
Normal functions of excitable cells, such as neurons and muscle cells, critically depend on an intimate and finely tuned regulation of membrane excitability by the cellular metabolic state. The metabolism, in turn, is reciprocally influenced by homeostasis of intracellular ions, and dysregulation of the ion concentrations accompanies many forms of abnormal excitability, such as excitoxicity following ischemia and hypoxia 1 , and is also associated with neurodegenerative diseases 2 . Among the intracellular ion species, Ca 2+ and H + are particularly important, functioning in an intertwined manner: H + can interfere with numerous Ca 2+ -dependent processes and alters the intracellular Ca 2+ concentration ([Ca 2+ ] i ) [3] [4] [5] ; in turn, alterations in [Ca 2+ ] i modulate the intracellular H + homeostasis 6 .
One of the key coupling mechanisms between the cellular metabolism and electrical excitability is the SLO1 (also known as KCNMA1) BK channel 7, 8 . The two distinguishing features of the channel-its large conductance and its synergic activation by membrane depolarization and intracellular Ca 2+ -allow the channel to exert a negative feedback influence on cellular excitability under many physiological conditions, especially in neurons and muscle cells 9 . Consistent with this functional role, opening of BK channels often has a cell-protective role against excitoxicity following hypoxic and ischemic insults 10, 11 .
As in other voltage-gated K + channels, four pore-forming SLO1 subunits form a functional BK channel complex, frequently with up to four auxiliary b subunits, in a tissue-specific manner 12 . The transmembrane segments with their N terminus facing the extracellular side contain the voltage sensor, and the large cytoplasmic domain is postulated to have multiple divalent cation sensors within a putative structure termed a 'gating ring' , most probably comprising four sets of dimers made of RCK1 and RCK2 domains 13, 14 . The octameric gating ring is thought to expand when Ca 2+ binds to the putative high-affinity divalent cation sensor in the RCK1 domain and/or the Ca 2+ bowl in the RCK2 domain near the distal C terminus 15 . This ligand binding then facilitates opening of the channel's gate 15 , perhaps by increasing the tension on the spring-like linker segment between the gate and the RCK domains 16 . Although many aspects of the Ca 2+ -dependent activation of the channel, such as the molecular and biophysical characteristics of the Ca 2+ sensors, remain elusive, electrophysiological studies collectively suggest that Ca 2+ facilitates activation of the voltage sensor and opening of the gate so that the channel opens more frequently at negative voltages 15, 17 . This allosteric gating of the BK channel is modulated by various intracellular signaling events, and the RCK1 and RCK2 domains contain several sites that are crucial for modulation of the BK channel, such as that imposed by oxidation 18 , heme binding 19, 20 and phosphorylation 21 .
Intracellular H + is also a potent modulator of BK channel function [22] [23] [24] . Although some reports have conflicted on the subject of whether native BK channels are stimulated or inhibited by a decrease in intracellular pH (pH i ), recent evidence shows that, unlike most other K + channels, SLO1 BK channels measured under defined conditions are robustly activated by a decrease in pH i near the physiological level 22, 23 . This stimulatory effect of low pH i may be pathophysiologically significant in early stages of hypoxia and ischemia during which pH i typically falls by 0.5 units to 1 unit 1 . Despite the potential physiological and pathophysiological relevance, the molecular mechanism of the SLO1 BK channel activation by low pH i has remained elusive. Our study presented here using human SLO1 BK channels reveals that each SLO1 subunit has a common molecular sensing domain for Ca 2+ and H + , containing two histidine residues and a negatively charged residue, and that the electrostatic interactions encompassing these residues is altered by H + or by Ca 2+ to facilitate opening of the channel. Therefore, the multiligand sensor pockets in the SLO1 BK channel provide a direct molecular mechanistic link between cellular excitability and metabolism.
RESULTS

Low intracellular pH activates BK channels
The activity of native Slo1 BK channels in rat aortic smooth muscle cells substantially increased when pH i was lowered from 7.2 to 6.2 (Fig. 1a) . The channel-open probability and mean open duration at -40 mV in the presence of 200 nM [Ca 2+ ] i increased by 13.3 ± 2.8-fold and 3.2 ± 0.8-fold, respectively, without any effect on the singlechannel current size. In contrast, a decrease in extracellular pH from 7.2 to 6.2 did not produce any significant effect (data not shown). The stimulatory effect of low pH i was observed not only for recombinant human SLO1 BK channels 23 but also for Slo1 channels from the fruitfly Drosophila melanogaster and the cockroach Periplaneta americana (Fig. 1b) , suggesting that the underlying molecular machinery is conserved in SLO1 channels from different species and resides in the pore-forming SLO1 a subunit of the BK channel. To identify whether the b1 subunit-the predominant type of auxiliary b subunit in vascular smooth muscle cells-has any modulating effect, we compared the effects of a pH i decrease on heterologously expressed human SLO1 and SLO1+b1 channels. A decrease in pH i by 1 unit from 7.2 prominently increased the macroscopic SLO1 and SLO1+b1 K + currents and shifted the conductance-voltage (G-V) curve to the negative voltage by about 50 mV in both types of channel (Fig. 1c) . The simulation effect of H + was concentration dependent with an apparent half-maximum response concentration (EC 50 ) of B0.3 mM or pH 6.5 (ref. 23 ; Fig. 1d ). In addition to the leftward shift in G-V, lowering the pH i noticeably accelerated activation kinetics and slowed deactivation kinetics of the channel 23 ( Supplementary Fig. 1 online) .
Two histidines in the RCK1 domain mediate the H + sensitivity The finding that SLO1 channels from diverse species are activated by low pH i (Fig. 1b) , taken together with the previous findings that the leftward G-V shift has an EC 50 value of pH i ¼ 6.5 (ref. 23 ) and the shift is antagonized by the histidine modifier diethyl pyrocarbonate 23 , collectively suggests that the stimulatory effect of low pH i is mediated by conserved histidine residues in SLO1 accessible from the cytoplasmic side. Each SLO1 subunit contains 12 conserved histidine residues, most of which are located in the large cytoplasmic C-terminal domain. In particular, the putative RCK1 and RCK2 domains together contain ten histidines (Fig. 2a) . We replaced each of the conserved histidine residues with arginine individually, and assayed the resulting mutants for their pH i sensitivity using the shift of the G-V curve (DV 0.5 ) observed when pH i was lowered from 7.2 to 6.2 (Fig. 2b) . A decrease in pH i from 7.2 to 6.2 in the absence of Ca 2+ in the intracellular solution caused a -50-mV shift in V 0.5 for the wild-type channel (Fig. 2b) . We found that, among the single histidine-to-arginine mutations examined, mutation of His365 and His394 located in the RCK1 domain significantly diminished the pH i sensitivity (Fig. 2b,c) . The DV 0.5 value was -14.0 ± 1.0 mV for the mutant H365R and -28.2 ± 2.0 mV for the mutant H394R (P o 0.01), or about 28% and 56%, respectively, of the shift observed in the wild-type channel. When the two mutations were present concurrently (H365R H394R), the V 0.5 shift by lowering pH i from 7.2 to 6.2 was completely eliminated (P o 0.01). A greater decrease in pH i to 5.7 and an increase in pH i to 7.7 had no effect (data not shown). Mutation of the two histidine residues to alanine (H365A H394A) also disrupted the pH i sensitivity (P o 0.01). Moreover, in these double mutants, the pH i decrease failed to alter the kinetics of activation and deactivation ( Fig. 2c and Supplementary Fig. 1 ).
Mutation of His616 located in the putative linker segment between the RCK1 and RCK2 domains (H616R) severely compromised the electrophysiological expression level, and we could not obtain any macroscopic currents, even at 300 mV at high [Ca 2+ ] i . However, single-channel measurements verified that the mutant H616R retained a pH i sensitivity indistinguishable from that of the wild-type channel ( Supplementary Fig. 2 online) .
To investigate the physicochemical characteristics of His365 that are essential for the low pH i sensitivity of the SLO1 channel, we substituted that residue with various amino acids. None of the mutants (H365R, H365K, H365A, H365N, H365Q, H365E or H365D) showed a pH i sensitivity comparable to that of the wildtype channel; DV 0.5 values were about -15 mV, only 30% of the shift observed in the wild type (Fig. 3a,b) . Likewise, at position His394, substitution with arginine or alanine equally diminished the pH i sensitivity (Fig. 3a,c) . The mutagenesis results therefore suggest that the full wild type-like pH i sensitivity requires histidine at positions 365 and 394.
The pK a value of the imidazole side chain of histidine is often around 6 to 7, and lowering the pH i from 7.2 to 6.2 is expected to increase the likelihood of protonation of the side chain. It may be reasoned that it is the presence of a positive charge at position 365 that in part shifts the voltage dependence of channel activation in the negative direction. According to this idea, V 0.5 of the channel with lysine and arginine at position 365 at pH i ¼ 7.2 should resemble that of the wild-type channel with histidine at pH i ¼ 6.2. This prediction is confirmed in part by comparison of the V 0.5 values of the mutants with different amino acids at position 365 at pH i ¼ 7.2 ( Fig. 3d) . The V 0.5 values in the mutants H365R and H365K were in fact more negative than those of other mutants and similar to that of the wild-type channel at pH i ¼ 6.2. The full pH i sensitivity of the SLO1 channel thus requires histidine at positions 365 and 394, and the charge status of the imidazole side chain modulated by pH i has an essential role.
Electrostatic interactions are involved in pH i sensitivity
The mutagenesis results led us to propose that an electrostatic mechanism underlies the observed pH i -induced activation of the BK channel: protonated His365 and His394 in SLO1 at low pH i electrostatically interact with nearby residues to facilitate channel activation. To test this idea, the pH i sensitivity of the wild-type SLO1 channel was measured using internal solutions with varying ionic strengths. High-strength solutions should diminish the negative shift in V 0.5 normally observed with lowering pH i . Consistent with this prediction, the mean DV 0.5 value observed on lowering pH i from 7.2 to 6.2 became progressively smaller with increasing ionic strengths (Fig. 4a,b One possibility is that high-ionic-strength solutions may have slightly increased the pK a value of the histidine side chain 25 so that the range of the pH i sensitivity of the channel was shifted higher; however, this explanation can be discounted here because increasing pH i from 7.2 to 7.7 failed to alter the voltage dependence of the channel activation in both high-and normal-ionic-strength solutions, indicating that any change in pK a of the imidazole side chain by the ionic-strength manipulations made a negligible contribution. Addition of sucrose, a non-electrolyte, did not affect the pH i sensitivity (data not shown). Taken together, the above results suggest that electrostatic interactions involving His365 and His394 are crucial in the pH i -mediated regulation of the SLO1 BK channel. Asp367 in RCK1 and pH i sensitivity A high-resolution atomic structure of the SLO1 channel is not yet available, but the amino-acid sequence in the RCK1 domain of SLO1 is relatively similar to that of the bacterial K + channel MthK, whose highresolution structures are known 13, 26 . A homology model of the SLO1 RCK1 domain based on an MthK structure 7 suggests that the two histidine residues crucial for the pH i sensitivity, His365 and His394, may be in close proximity to the negatively charged residues Asp362, Asp367, Asp369, Asp370, Glu374, Glu399 and Asp420 (Fig. 5a) .
Some of these negatively charged residues are important for the divalent cation sensitivity of the SLO1 channel, probably forming high-and low-affinity divalent cation sensors [27] [28] [29] . The possible proximity of His365 and His394 to the negatively charged residues involved in the divalent cation sensitivity suggests that some of the negative charges might be the electrostatic interaction partners of protonated His365 and/or His394. If so, neutralization of the negatively charged residues should also disrupt the pH i sensitivity of the channel. Neutralization of Glu374, Asp369, Asp370 or Asp420 failed to alter the DV 0.5 caused by lowering pH i from 7.2 to 6.2 (Fig. 5b,c) . In contrast, DV 0.5 was significantly diminished by the triple mutation D362A D367A E399A (P o 0.01; Fig. 5b,c) , which is known to interfere with the Ca 2+ sensitivity mediated by the RCK1 domain of the channel [27] [28] [29] . Among the three negatively charged residues, only Asp367 has a crucial role in pH i sensitivity because, when mutated separately, neutralization of Asp367 but not Asp362 or Glu399 noticeably diminished the DV 0.5 in response to a decreased in pH i (Fig. 5b,c) . However, the mutation D367A does not completely eliminate the pH i sensitivity, leaving open the possibility that other structural components, including backbone dipoles, electrostatically interact with His365 and His394.
His365 and His394 are also involved in the Ca 2+ dependence Our results show that the pH i sensitivity of the SLO1 channel requires His365 and His394 as well as Asp367, one of the residues in the RCK1 domain implicated for high-affinity Ca 2+ sensing 27, 29 . The involvement of Asp367 in both the pH i and Ca 2+ sensing of the channel suggests that His365 and His394 may in turn participate in the channel's Ca 2+ sensing. In the wild-type channel, increasing [Ca 2+ ] i to 200 mM shifted V 0.5 in the negative direction by B200 mV (Fig. 6a) . The triple mutation D362A D367A E399A, which disrupts the high-affinity Ca 2+ sensor in the RCK1 domain 27 , reduces the V 0.5 (Fig. 5a) , form a low-affinity divalent cationsensing site that transduces alterations in [Mg 2+ ] i 27-29 . Therefore, we examined whether His365 and His394 are involved in the channel's low-affinity divalent cation ion sensitivity. The Mg 2+ -dependent activation of the double mutant H365R H394R was indistinguishable from that of the wild-type channel (Fig. 6b) . Similar results were also obtained with the double mutant H365A H394A (data not shown). The mutagenesis results presented here suggest that histidine with the imidazole side chain at positions 365 and 394 is the only naturally occurring amino acid that supports the pH i -dependent activation of the SLO1 channel. Furthermore, substitution of His365 and His394 with arginine or lysine alters the voltage dependence of the channel at normal pH i to resemble that of the wild-type channel at low pH i , at which His365 and His394 are expected to be protonated. These observations together show that His365 and His394 represent the primary H + sensors of the channel required to facilitate its activation. 50 and of MthK (1LNQ), and the overall structure (left) was inferred 51 . The homology model of the RCK1 domain (right) was developed for mouse Slo1 (ref. 7) . The mouse Slo1 sequence is identical to that of human SLO1 in the RCK1 domain (Fig. 2a) The H + sensors His365 and His394, when protonated, electrostatically interact with Asp367 as evidenced by the results of the ionicstrength manipulations and the charge-neutralization mutation of aspartic acid at position 367. The exact spatial arrangement of these interacting residues is not clear because of the lack of detailed structural information. However, the residues are likely to be arranged within B10-15 Å of each other based on the typical effective range of long-distance electrostatic interactions 30 . A homology model of the SLO1 RCK1 domain developed by Latorre and Brauchi 7 (Fig. 5a) suggests a distance of B7 Å between the side chains of His365 and Asp367, and of B20 Å between those of His394 and Asp367.
In addition to Asp367, there must be other charged residues and/or dipoles, such as carbonyl oxygens, that electrostatically interact with His365 and His394, because neutralization of Asp367 alone eliminated only B50% of the pH i sensitivity. Asp367 is part of the high-affinity divalent cation sensor in the RCK1 domain of the channel, which under physiological conditions transduces [Ca 2+ ] i 27,29 . Therefore, we suggest that His365, His394 and Asp367 form a bifunctional ligandsensing subdomain for intracellular H + and Ca 2+ such that mutation of the aforementioned residues alters the sensitivity to both H + and Ca 2+ .
The electrostatic mechanism of the H + -dependent activation of the channel involving His365 and His394 provides unexpected insights into the properties of the high-affinity divalent cation sensor in the RCK1 domain. Mutation of Asp367 or Met513 in this domain interferes with the overall high-affinity divalent cation sensitivity of the channel 27, 29, 31 ; however, complete and detailed characteristics of the sensor have not been elucidated. Our study here shows that the two histidine residues are integral components of the high-affinity divalent cation sensor. The electrostatic interaction of the protonated side chains of His365 and His394 with Asp367 at low pH i partly mimics the interaction of Ca 2+ with Asp367: H + of the His365 and His394 imidazole side chains acts as a Ca 2+ mimic for Asp367. The contributions of His365 and His394 to the H + -dependent activation of the channel may be energetically independent of each other, because the effects of the His365 and His394 mutations on the voltage dependence are additive. This conclusion must be considered tentative, however, because several gating transitions contribute to determination of the data-description parameter V 0.5 .
Although both H + and Ca 2+ shift the voltage dependence of the channel in the negative direction, thus providing a stimulatory influence on the channel, some differences in their actions on the channel do exist. The maximal shift in the voltage dependence induced by high concentrations of Ca 2+ , about -200 mV, is appreciably larger than that induced by H + . This difference occurs because the overall high-affinity Ca 2+ sensitivity of SLO1 arises from two distinct but relatively equipotent sensors, the RCK1 sensor and the Ca 2+ bowl 32 , whereas the H + sensitivity is mediated by only the RCK1 sensor. The Ca 2+ bowl does not contribute to the H + sensitivity, thus further illustrating functional differences between the two high-affinity Ca 2+ sensors. Even within the RCK1 Ca 2+ and H + sensor subdomain, clear functional specializations are observed. For example, His365, His394 and Asp367 transduce both Ca 2+ and H + , but Asp362 near the highaffinity Ca 2+ sensor in the RCK1 domain 27, 29 does not contribute to the pH i sensitivity. The true binding affinity of the subdomain to H + and Ca 2+ is not known, but the EC 50 values of the channel activation for H + and Ca 2+ based on ionic current measurements are about 0.35 mM 23 and B10 mM 33 , respectively, suggesting that the SLO1 channel may be considered more sensitive to H + than to Ca 2+ .
The cytoplasmic gating ring domain of SLO1 is considered to be structurally similar to that of the prokaryotic channel MthK 14, 34 . Yet, in clear contrast to the H + -stimulated gating of SLO1 described here, 26 . In the SLO1 channel, H + essentially acts as a Ca 2+ mimic for the RCK1 Ca 2+ sensor, and it is highly unlikely that the SLO1 gating ring structure undergoes pH-dependent assembly and disassembly as observed in the MthK channel. The pH i -sensitivity of MthK has been suggested to require His193 located in its otherwise hydrophobic octamer assembly interface 26 . His193 is poorly conserved among RCK domains 26 and is equivalent to M442 in the SLO1 channel 34 , distinct from His365 and His394 required for the H + -stimulated gating. Conversely, the residues equivalent to His365 and His394 do not exist in MthK (Fig. 2a) . Thus, although MthK and SLO1 share a similar cytoplasmic structural organization, the two channels use distinct mechanisms to transduce intracellular pH.
The high sensitivity of the SLO1 BK channel to changes in pH i renders this channel well suited for coupling membrane excitability and neuronal transmission with cellular metabolism. The cellular metabolic state and pH i are intimately and reciprocally linked, and H + may be viewed as a metabolic intracellular messenger 36, 37 2+ . It may be speculated that the H + -mediated activation of the SLO1 BK channel has a feed-forward anticipatory role, whereas the Ca 2+ -dependent activation of the channel has a feedback role in regulation of the membrane excitability.
K + channels are an exceptionally diverse family of ion channels. However, only a few are activated by intracellular H + . TREK1 (also known as KCNK2), a two-pore domain, voltage-independent, leak K + channel with four transmembrane segments, is one example 42 . Among the voltage-dependent K + channels, the SLO1 BK channel is unique in that intracellular H + enhances its ionic current 22, 23 . Both the permeation and gating properties of the SLO1 channel are well suited to transducing changes in pH i . As shown in this study, low pH i prominently shifts the voltage dependence of activation to the negative direction to facilitate channel opening. Furthermore, unlike most other K + channels, the single-channel conductance of the SLO1 channel, especially at physiological voltages, is resistant to pore blocking by intracellular H + (ref. 43) . In Shaker and other voltagegated K + channels, lowering pH i to 6.4 decreases the single-channel current size by about 50%, without affecting the voltage dependence of their activation 44 . The unusual H + -activated gating based on the electrostatic interactions encompassing histidine and aspartic acid residues in the RCK1 domain and the H + -resistant permeation characteristics of the SLO1 BK channel contribute to its role as an important coupling mechanism between the cell metabolic state and membrane excitability 8 . To serve various physiological needs, cells express a diverse complement of K + channels, most of which are inhibited by H + . Inclusion of SLO1 BK channels activated by H + and Ca 2+ in the proteome allows fine-tuning of the membrane excitability according to the cells' metabolic state.
METHODS
Channel expression and cell isolation. Genes for human (KCNMA1; U11058), D. melanogaster (M96840) 45 and P. americana Slo1 (AF452164) 45 inserted into the expression vectors pCI-neo (Promega), pcDNA3 (Invitrogen) and pcDNA3, respectively, were transiently expressed in HEK tsA cells using FuGENE 6 (Roche) as described 19 . In some experiments, genes for human SLO1 and b1 (KCNMB1; U38907) in pEGFP-N1 (Clontech) with 1:1 weight ratio. We constructed the mutant channels using a PCR-based mutagenesis method (Stratagene). Other constructs used are described in the legends. Cultured rat aortic smooth muscle cells were prepared as described 46 .
Electrophysiology and data analysis. Macroscopic and single-channel ionic currents were recorded from excised inside-out membrane patches at room temperature 19 . Patch electrodes (Warner) had a typical resistance of 1.5-2.0 MO, and the series resistance, 90% of the initial input resistance, was electronically compensated in macroscopic current measurements. Macroscopic capacitive and leak currents were subtracted using a P/6 protocol. The current signal was filtered at 10 kHz through the built-in filter of the patch-clamp amplifier (AxoPatch 200A; MDS Analytical Technologies) and digitized at 100 kHz using an ITC-16 AD/DA interface (HEKA). The results were analyzed as previously described using IGOR Pro (WaveMetrics) 19 . Statistical comparisons were performed using the unpaired or paired t-test, as appropriate. Comparison of more than two groups was performed using ANOVA followed by a Tukey HSD test 47 as implemented in IGOR Pro. Statistical significance was assumed at P r 0.05, and all data are presented as mean ± s.e.m.
Solutions. The extracellular solution for rat aortic smooth cells contained 134 mM NaCl, 6 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, 10 mM HEPES, pH 7.4 with NaOH. The extracellular solution for HEK tsA cells contained 140 mM KCl, 2 mM MgCl 2 , 10 mM HEPES, pH 7.2 with N-methyl-D-glucamine (NMDG). To compare SLO1 currents at different pH i in the virtual absence of Ca 2+ , the intracellular solution contained 140 mM KCl, 11 mM EDTA and either 10 mM HEPES (NMDG) for pH i 7.2 or 10 mM MES (NMDG) for pH i 5.7, 6.2 and 6.7. These solutions were assumed to have [Ca 2+ ] ¼ 10 nM 48 . EDTA was selected because its chelating ability is less sensitive to changes in pH than EGTA. BAPTA was not used in the study as it may have a direct blocking action on the SLO1 channel 23 . The concentrations of NMDG in the above internal solutions were 3-20 mM and, at these concentrations, no effect on the SLO1 channel activity was observed. 
